Summary -Depending on the author and the animal or plant origin of the material under study, the term "nucleolonema" is used in different contexts and thus indicates nucleolar ultrastructures that are different. In this paper, we attempt to clarify this state of affairs and to propose a definition for the plant cell nucleolonema nucleolonema / nucleolus / fibrillar centre / dense fibrillar component / rDNA
Introduction
In 1951 Estable and Sotelo [12] , by light microscope observation of both animal and plant cells after silver impregnation described an intranucleolar filamentous structure that they termed "nucleolonema" on account of its morphology. They called the remaining part of the nucleolus pars amorpha. The permanence of some nucleolonematal parts throughout mitosis was postulated [13] .
In electron microscopy, early works [2] showed that nucleoli frequently contain thin interconnected threadlike structures which were called nucleolonemata. They may be composed of either fibrillar or granular components or both, and thus are composed predominantly of ribonucleoprotein (Nucleolus Nomenclature Committee, Montevideo, 1966 ). More recent electron microscopic studies have led to the distinction between 2 main types of nucleoli in animal cells: the compact nucleolus and the reticulated nucleolus [54] (figs lb, c, and 2b, c). These 2 types are made up of the same subcomponents as illustrated in figures lb, c but their morphology is very different. In the latter, both the granular and fibrillar components form an anastomosed network which is designated by the term "nucleolonema". The more recent definition of the nucleolonema has been given by Jordan [28] who consider it as formed of threads and sheets, characteristically 0.1 #m in diameter or thickness. These may be made up of either dense fibrillar component (DFC) or granular component (GC). This definition is quite valid as far as the animal cell reticulated nucleoli are concerned. In plant cells, however, only nucleoli of the compact type are described. In these nucleoli, a nucleolonema can appear, but it is somewhat different in electron microscopy from that of animal reticulated nucleoli [10, 32, 36, 43] . Thus the aims of the present paper are: a) to compare the plant and animal nucleolonemata and to specify their ultrastructural differences; b) to propose a definition which better corresponds to the plant cell nucleolonema; and c) to propose a simple unambiguous terminology.
Is an intranucleolar filamentous structure frequently observed and is it a natural structure ?
From the time of the discovery of the nucleolonema by Estable and Sotelo [12] until the present day, intranucleolar filamentous structures have been described by light microscopy (table I) . These studies have established that in the nucleolus of both animal and plant cells one can observe filaments strongly resembling the nucleolonema. The estimated dimensions fluctuate from 5-55 #m in length and 1.5-2 #m in thickness. Some authors have called these filaments nucleolonema but several other appellations have also been used: nucleolar loop, nucleolar track, nucleolar necklace, nucleolar strand, row (table I) .
In most cases, however, the filamentous structure are detected in animal material (chick embryo cells or rat cells) only after drug application (adenosine or analogous, DR.B) [15, 16, 21, 33, 34, 48] , or the suppression of one element of the culture medium (arginine) [20] , and in plant cells after the treatment of isolated nuclei with a detergent [30, 31] . For example, in phase contrast microscopy, one can observe that within 2 or 3 rain of treatment of isolated nuclei with Tween-80, nucleoli of plant cells unfold into filamentous structures or nucleolonemata. Seed albumen is a favourable material for such a study; on the other hand, in meristematic root cells the nucleolonemata unfold less after detergent application [30] . Adenosine or detergents are likely to cause the loss of one or several nucleolar constituents (granular component, part of the matrix) and this permits the unfolding of the filament. Since the nucleolar filaments only appear after specific treatments, one could conclude that they are nothing but artefacts. However, Locke and Leung [35] have shown that in the epidermal cells of the Lepidoptera Calpodes, the nucleolar morphology is strongly modified in relation to the content of hemolymph ecdysteroid. They found that at the last larval stage, 3 ecdysteroid peaks are followed by nucleolar cycles. An intercycle nucleolus is compact; it unfolds under the influence of the hormone into a filament (nucleolar necklace) which can attain a length of = 23/zm. At the end of the cycle, each filament contracts to again form a compact nucleolus. Godward [17] also observed such a structure in several untreated species of Spirogyra. By analyzing serial sections prepared for light microscopy in Allium porrum Lafontaine and Lord [32] observed an elaborate convoluted filamentous structure, the nucleolonema, which extends throughout the nucleolar mass.
From these observations, one can conclude that at the light microscope level, a filamentous nucleolar structure can exist, not infrequently in natural conditions, as already shown by Estable and Sotelo [12] . One can also assume that these intranucleolar filaments probably correspond to the nucleolonemata described by the same authors.
What is the ultrastructural morphology of the nucleolonema in animal and plant cells ?
Numerous ultrastructural studies have established that a nucleolonema corresponding exactly to Jordan's definition is frequently observed in the reticulated nucleoli of several types of animal cells [14, 41, 45, 54] (figs lc and 2c).
In plant cells, for the majority of the authors, the nucleolonema appears as structurally somewhat different. For Chouinard [6] it consists of a meandering channel through which the relatively uncoiled nucleolus-organizing segment of the nucleolar chromosome passes. In cross or oblique sections, the channel appears as less electronopaque zones (lacunae, lacunar spaces) surrounded by dense fibrillar component. These light zones have been equated with the fibrillar centres (FCs) of animal cell nucleoli [18] . Later, Chouinard observed that the dense fibrillar component, associated with the chromatincontaining lacunar spaces, can be interrupted with the granular [7] or vacuolar [8] components. So these latter components can be directly in contact with the lacunar spaces or fibrillar centres. In maize, such interruptions have also been observed (Motte et al, unpublished) .
Ultracytochemical studies on Allium porrum [32; see refs in 36] and on the alga Astasia longa [5] 19, 23] . It is clear that in these 3 types of nucleoli the various subcomponents are arranged very differently. It should be observed that in some reticulated nucleoli the granular component appears strongly reduced [45] . Large fibrillar centres (LFC) are observed in some animal compact nucleoli. In plant as well as in animal cells, the nucleolus is always connected to the nuclear envelope by a bridge of dense chromatin (DC) [3, 10, 43] part of which corresponds in plant cells to a nondispersed portion of the NOR [10, 43] .
nucleolus, where such juxtaposed annular structures are visible, show many cross-sections through the folded nucleolonema. In appropriate preparations, some of the peripherally located lacunar spaces are found to be continuous with segments of chromosomes. For Lafontaine et al [5, 32, 36] , it is beyond doubt that the nucleolonema represents the main part of the fibriUar component of the nucleolus, Ashraf and Godward [1] have also suggested for another alga Spirogyra, that an axis composed of pale fibrillar material of fibrillar centres corresponds to the nucleolar chromatin surrounded by the dense fibrillar material. These investigations at the ultrastructural level suggest the presence of a complex filamentous structure within the plant cell nucleolus. However the ultimate proof of such a structure has to be demonstrated by 3-dimensional reconstructions. Three-D reconstructions from serial ultrathin sections have been carried out in the nucleolus of radicle cells of 2 higher plant embryos, Sinapis alba, a dicotyledon [10] and Zea mays, a monocotyledon [43] , both at the quiescent stage and during early germination. Concurrently with the strong nucleolar activation accompanying early germination [9] , each thread of dense intranucleolar chromatin of the quiescent cell is progressively transformed into a nucleolonema, the axis of which is formed by the fibrillar centres. The nucleolonema is ramified, each ramification starting from a heterogeneous fibrillar centre [11, 43] . The nucleolonema thus appears as an arborescent structure mainly composed of fibrillar component, anchored by its base to the interphasic NOR-bearing chromosome. Loops also characterize the nucleolonema [29, 43] (fig 2a) . Such a nucleolonema is very close to that proposed by Luck and Lafontaine in Allium [36] . It must be noted that it is entirely formed by both the dense fibrillar component and the fibrillar centres. Recently, Jordan [29] , by 3-D reconstruction, established that in the nucleolus of Spirogyra also, all the fibrillar centres form a looped axis. In addition, it should be noted that in plant cells, the layer of dense fibrillar component surrounding the fibrillar centres is significantly thicker (_+ 0.2-0.3 ~m) than in animal cells [11] . However, in one plant species, Allium cepa, the fibrillar centres have been described as discrete entities [38] . Discrepancies concerning data on plant cells may be due to the fixative used. Adequate fixation is an important factor in understanding the structure-function relationships of the nucleolus. Glutaraldehyde is an excellent fixative for proteins and is the most widely used substance for electron microscopy. However, several biochemical studies [4, 52, 53] have established that only formaldehyde crosslinks proteins to DNA. Moreover, Williams et al [57] , working on pea root tips fixed solely in glutaraldehyde, pointed out that the fibrillar centres were difficult to distinguish. In comparing [43] established by a quantitative study that it is the paraformaldehyde fixation which better preserves the fibrillar centres. Thus, in 3-D reconstructions of the plant cell nucleolus, it is essential to use this mode of fixation to more fully understand the spatial organization of these structures. The above results show that the plant cell nucleolonema is structurally different from that in animal cells. It is exclusively formed by the fibrillar component, including the fibrillar centres, while in the reticulated nucleoli of animal cells it is formed by the DFC and the granular component with the exclusion of the fibrillar centres.
It should be observed that in some plant nucleoli, numerous small interstices are scattered within the granular component which in consequence appears as a narrowmesh net whose spatial relationships with the dense fibfillar component are not clearly visible [26, 27] . This network is very different from the threads of granular component that form a part of the nucleolonema. These are clearly in continuity and have the same dimensions as the threads of dense fibrillar component (fig lc) .
What is the molecular composition and organization of the nucleolonema ?
If the data concerning the nucleoli that display a nucleolonema are exclusively considered, these are still insufficient to provide a functional molecular mapping of this structure. Data are more abundant for animal cells. [49, 50] , using immunoelectron microscopy, and Thiry [56] , using in situ hybridization have suggested that in animal nucleoli the rDNA is located exclusively in the fibrillar centres. Recently Raska et al [46] have observed, with specific antiserum, that RNA polymerase I is localized mainly in the fibrillar centres but is also present in the DFC. In our opinion EM observations using antibodies against nucleolar antigen or rDNA probes should be viewed with reserve. Indeed, the quantity of transcriptionally active rDNA is probably low within an ultrathin section through the dense fibrillar component and could fall under the detection threshold of these cytochemical methods which probably only reveal the molecules near the section surface. In plant ceils, data from such techniques have not yet been published. Motte et al (unpublished) and Medina [40] have found, using anti-DNA antibody, that DNA is present in both the nucleolonematal axis and the surrounding dense fibrillar component. Argyrophilic proteins are either present exclusively in the DFC [42, 44] or in both the DFC and FCs [39] . Using the available molecular data Deltour and Mosen [11] recently proposed a hypothetical model for the macromolecular organization of the plant cell nucleolus. In this model, the active ribosomal genes are localized in the dense fibrillar component, while the non-transcribed spacers are localized in the fibrillar centres. A very similar arrangement has been proposed by Schwarzacher et al [51] for the animal cell nucleolus.
Animal cells
Early cytochemical studies based on light microscopy techniques showed the presence of DNA within the nucleolonema several times, either by the Feulgen reaction [33, 34] or by autoradiography [15, 16] . The localization of DNA by the Feulgen reaction remained controversial [34] . The presence of RNA and proteins has also been established by light microscopy [see refs in table I]. From these observations some authors have already concluded that the nucleolonema has a core of DNA around which RNA and protein have accumulated. More recently, Scheer et al [48] have observed after a DRB treatment of cultured rat cells, the formation of several nucleolar necklaces devoid of preribosomal particles and containing several (up to 30) granules of 0.4-0.6/am in diameter. Some of these necklaces could attain 15-22/am in length and usually 6 were found per nucleus, corresponding to the 6 separate nucleolar organizer regions. The necklace granules were positive for RNA polymerase I and argyrophilic proteins. In human glioma cells, a ribosomal DNA probe showed that in interphase nucleoli, ribosomal cistrons formed strands +_0.2 /am in thickness that traversed the nucleolus [37] . Investigations in EM cytochemistry [14, 45] have established that the fibrillar parts of the nucleolonema are composed of argyrophilic proteins, pre-rRNPs and DNA. This composition su~ggests that it is in a highly active state in synthesizing ribosomal RNA.
Plant cells
From high resolution autoradiography and ammineosmium methods it appears that DNA is present in both What are the ultrastructural and molecular differences between plant and animal nucleolonemata?
The following differences can be underlined:
-In plant cells, the relatively continuous nucleolonematal axis is constituted by both the homogeneous and heterogeneous fibrillar centres (or lacunae) whilst in animal cells, the nucleolonematal threads, or sheets, are associated with few discrte fibrillar centres [14] or without any [45] (figs l a, b, c and 2a, b, c) . In animal cells the fibrillar centres are not considered as an nucleolonematal constituent [28] .
-The plant cell nucleolonema is constituted almost exclusively of the fibrillar component (CFs and DFC) when the threads or sheets of the animal cell nucleolonema are made up of dense fibrillar and/or granular components [28] (figs 1 c and 2h, c) .
-The nucleolonema of a plant cell is significantly thicker than the nucleolonematal threads of an animal cell (compare figs la and lb). This is mainly due to the dense fibrillar component, which is more important in plant cells.
-In plant cell nucleolonema, the active ribosomal genes are probably localized within the dense fibrillar component.
Definition suggested for the plant cell nucleolonema
Taking into account these differences, we suggest the following definition for the higher plant cell nudeolonema. The nucleolonema is an intranucleolar ramified filament of several/am in length, which can display loops. Is is made up of a more or less continuous axis, resulting from the juxtaposition of all the homogeneous and heterogeneous fibrillar centres, and of an external layer of dense fibrillar component, which contains active rDNA (ribosomal genes in transcription), rRNA and argyrophilic protein (fig 2a) . This layer is interrupted locally by the granular or vacuolar components. The nucleolonema is fixed by its base to the interphasic NOR-bearing chromosome of which it is a lateral extension [11] . Several nucleolonema ta can be present in one and the same nucleolus, each of them corresponding to one NOR. The nucleolonema contains both the active and inactive (in the form of heterogeneous FCs) rDNA of an interphasic active nucleolus. The compact nucleolus of the plant cell appears to be formed by one or several strongly folded sticky nucleolonemata included within the granular component. They could have some relationship with the nucleolar skeleton. The nucleolonema is the counterpart of the metaphasic nucleolus-organizing region (NOR).
Outstanding questions
An answer to the following questions would specify the exact structural and molecular differences between plant and animal cell nucleolonema:
-Are there structural and molecular differences between the fibrillar centres of animal cells and the corresponding structures (lacunae, lacunar spaces, pale fibrillar material) in plant cells? With regard to this, recently Motte et al [44] and Moreno et al [42] have shown that the plant cell fibrillar centres do not contain argyrophilic proteins like those of animal cells.
-Why is the dense fibrillar component of plant cells more abundant ? Is it because more ribosomal genes are simultaneously active in those cells that are known to generally contain a higher number of copies of these genes ? From data in the literature concerning the number of ribosomes per cell, their turnover and the velocity of ribosomal transcription [25; see refs in 22] one can calculate that 500-5 000 genes could be simultaneously active in a single plant cell nucleolus. This is probably far more than in animal cell nucleolus.
-Does a nucleolonema also exist in compact nucleoli of animal ceils, but in another form ? Since the general belief is that each eukaryotic chromosome is made up of a single giant DNA molecule, the interphasic NOR is probably a large loop of this molecule, where the ribosomal genes are clustered. It is thus consistent to consider that this rDNA could link together the discrete fibriilar centres like beads on" a string (fig 2b) . In PK cells, Hozak et a!' [24] and in HEp-2 cells Thiry et ai [55] have shown that a strand of dense fibrillar component connects the fibrillar centres together. Thus, in compact type animal cell nucleoli, a filamentous structure constituted of fibrillar component, possibly corresponding to the plant cell nucleolonema but structurally different (the fibrillar centres are discrete entities), can also be observed.
-What exactly is the role of the nucleolar vacuoles that are frequently seen in direct contact with the nucleolonematal axis inside the dense fibrillar component interruptions? (figs la, b; 2a, b). Several authors [8, 10, 43] have shown that some kind of nucleolar vacuoles, the nucleolar chromatin dispersal vacuoles (NCDV) contain DNA and have suggested that they can play a role in the dispersion of this DNA. Thiry [56] has shown that the fibrillar centre-associated nucleolar vacuoles contain DNA and can be the site of this DNA condensation after an actinomycin D treatment. Preliminary results in our laboratory also suggest that small vacuoles are associated with the fibrillar centres when they change from their homogeneous to their heterogeneous form.
-An already well established morphological difference is the almost constant presence, in compact nucleoli of animal cells, of a shell of dense perinucleolar chromatin which projects finger-like extensions deeply within the nucleolus (figs lb and 2b). Thus 2 types of DNA are simultaneously present in these nucleoli. In plant cells, such an external nucleolus-associated chromatin is generally absent and consequently the intranucleolar DNA is most probably only rDNA (figs la and lb). What is the respective role of the 2 types of DNA present in the animal cell nucleolus ? Recently Vasquez-Nin et al [40] have shown, by in sjtu hybridization, that, in animal cells, the U3-snRNA genes are localized in the interphasic nucleolus but not in the NOR at the metaphase.
Conclusion and proposal for a terminology
We have shown that in spite of the apparent likeness between the plant and the compact animal nucleolus, there are ultrastructural differences that are worthy of note (compare figs la and 2b with figs 2a and 2b). Thus, the plant cell nucleolus is not an exact replica of that of the animal cell. In the future, it should be interesting to determine to what extent these ultrastructural differences are also found at the molecular level.
It would be easier for both the interphasic plant or animal nucleolus to designate by the term nucleolonema" the whole fibrillar component (DFC and FCs) because it contains most of the intranucleolar DNA. However, the difficulty to put this proposal into practice is illustrated by the habit of zoologists to call nucleolonema a structure which also contains some granular component. To avoid any confusion, we thus suggest that each time it should be mentioned if it is a plant or an animal nucleolonema which is under question. In the latter instance, the type of the nucleolus (compact or reticulated) should also be mentioned
